The cysteine 34 residue of A1M/1-microglobulin is essential for protection of irradiated cell cultures and reduction of carbonyl groups.
INTRODUCTION
The Lipocalins are a protein family with approximately 50 members from bacteria, plants and animals [1] [2] [3] . The lipocalin proteins have similar structures but different, mostly non-related functions. They share a common fold, a β-barrel consisting of eight antiparallel β-strands with a closed bottom and an open end [4] .
One member of the Lipocalin family,  1 -microglobulin (A1M), is a 26 kDa glycoprotein found in blood-plasma and interstitial fluid of all human tissues [5] [6] [7] . A1M is mainly synthesized in the liver, and expressed together with bikunin, a proteinase inhibitor and component of extracellular matrix [8] . The AMBP-gene codes for an A1M-bikunin precursor protein which is expressed, processed and cleaved before secretion of the two mature proteins separately into the blood-stream [9, 10] .
A1M has been shown to have reductase activity [11, 12] as well as heme-and radical-binding properties [11, 12] and it was suggested that the physiological function of A1M is to protect cells and tissues against oxidative stress induced by extracellular hemoglobin and other sources of free radicals and oxidants [6, 13] . This is supported by several recent papers demonstrating that A1M protects cell cultures and organ explants against oxidative damage [3, [14] [15] [16] . For example, A1M suppressed the cell death, apoptosis, and up-regulation of stress-response genes in the bystander cells of irradiated cell cultures, i.e. cells in the culture that were not directly exposed to the alpha-particles, but suffered indirect damage [17] . The bystander effect is induced by a propagation of stress factors from the directly targeted cells and manifests as cell death, genomic instability and changes in gene expression in the nonirradiated bystander cells surrounding the targeted cells [18] [19] [20] . Oxidants and ROS have been suggested as mediators of the bystander effects [21] [22] [23] . It was also shown that A1M inhibited destruction of cells and extracellular matrix collagen in skin explants and keratinocyte cultures exposed to heme-and iron-induced oxidative stress [15] .
We have previously reported that the free thiol group of cysteine 34 (C34) is critically involved in the reductase and radical scavenging activity of A1M [11, 12] . According to a model of the three-dimensional structure of A1M [24] , as well as the recently reported crystal structure [25] , C34 is localized on a loop at the rim of the lipocalin pocket ( Figure 1B ). Three lysyl groups, K92, 118, and 130, localized on the inside of the upper part of the lipocalin pocket, were also shown to be crucial for the reductase activity [11] .
We hypothesized that the reductase activity of A1M is important for its protective effects. To test this, we prepared and investigated wild type (wt)-A1M and three mutated forms of A1M: Figure 1A ) [26] . The reductase activities of these forms of A1M, as well as their ability to inhibit bystander effects in irradiated cell cultures and protect collagen fibers from oxidation, were investigated. 
RESULTS

Preparation of recombinant A1M variants
The A1M variants were investigated by SDS-PAGE, MS analysis and thiol group reactivity ( Figure 2 ). The same variants have previously been analyzed by RIA, fluorescence spectroscopy and far-UV circular dichroism [26] . All variants appeared pure, as determined Figure 2A are representative for all the following experiments. We analyzed thiol groups in all the mutants using a quantitation kit ( Figure 2B ). As expected the C(34)S-A1M and the C(34)S/K(3)T-A1M mutants showed values close to zero, whereas wt-and K(3)T-A1M displayed similar amounts. However, less than one thiol group/mol A1M was found in both A1M-forms even after reduction with DTT. This suggests that the C34 sulfhydryl group is partially oxidized in both wt-A1M and K(3)T-A1M.
Protection of irradiated HepG2 cell cultures from irradiation-induced cell death by A1M mutants
We have previously shown that A1M counteracts the irradiation-induced cell death of both directly irradiated HepG2 cells and bystander cells, i.e. cells in the culture that were not Field Code Changed directly exposed to the alpha-particles, but suffered indirect damage . In order to clarify the mechanism by which A1M protects bystander cells we investigated whether the mutated forms of A1M could counteract the irradiation-induced cell death. HepG2 cells were irradiated with alpha-particles (1.8 Gy) and subsequently cultured in medium with or without 2 μM A1M. A significant decrease of cell death, measured as LDH leakage to the cell medium, after irradiation was observed when wt-A1M and K(3)T-A1M mutant were added whereas no decrease, or only a slight decrease, was seen in the presence of C(34)S-A1M or Figure 3A ).
Inhibition of stress-and antioxidation gene response of irradiated HepG2 cell cultures by A1M variants
The levels of mRNA coding for the cell cycle regulatory genes p21 and p53 were analyzed by real time PCR ( Fig 3B) . Both genes were up-regulated by the irradiation, and the up- 
Cell uptake of A1M-variants in irradiated HepG2 cell cultures
We have previously shown that the cellular uptake of A1M increases in irradiated cell cultures compared to non-irradiated control cultures [17] . To investigate the difference in uptake between the A1M variants, we measured the concentrations of A1M in both cells and medium, respectively, following irradiation ( Figure 4 ). The cellular uptake of wt-A1M, 
Reductase activity of A1M-variants.
It was shown previously that A1M can reduce the ABTS-radical [12] . Therefore, we analyzed the capacity of the various forms of A1M to reduce the ABTS-radical, an optically stable free radical which is widely used for studies of antioxidant mechanisms and radical reactions [27] , using the protein AGP [28] as negative control ( Figure 5 ). Only wt-A1M reduced the ABTS radical whereas all the mutated forms displayed background activity, at the level of the nonreducing control protein AGP [11] which did not differ significantly from the mutated forms of A1M
Reduction of carbonyl groups on oxidized collagen by A1M-variants.
It was previously shown that A1M can remove pre-formed carbonyl groups on heme-and H 2 O 2 -oxidized collagen. This indicates a repair effect of the protein which also may be an effect of its reductase activity. [15] . Hence, we compared this activity of mutated A1Mvariants. Collagen coated to microtiter plates was oxidized with 30 μM heme ( Figure 6A Figure 6B ). Both heme and H 2 O 2 generated a statistically significant increase in carbonyl groups. Wt-A1M was able to reduce the oxidation of collagen down to below the level of non-oxidized collagen, and the K(3)T-A1M mutant down to the level of non-oxidized 
DISCUSSION
The main message of the present report is that the protective effect of A1M in irradiated cell cultures and the reduction of oxidized collagen are strongly dependent on the cysteine residue in position 34.
To ascertain that differences in functions of the various forms of A1M are due to the amino acid substitutions rather than impurities or effects of incorrect folding, we investigated biochemical properties of the recombinant A1M-species. The proteins appeared highly purified on SDS-PAGE-gels ( Figure 2A ). The wt-, C(34)S-and K(3)T-A1M-variants were seen as a double band where the minor band migrated with a slightly lower apparent molecular mass than the major band. Both bands were shown to consist of A1M, using mass spectrometry/tryptic peptide mapping. The intact C-terminal tryptic peptide was found in both bands, suggesting that the difference in migration is due to proteolytic cleavage of the Nterminus which contains a His 8 -tag. This is also supported by the peptide mapping since the full-length N-terminal tryptic peptide was detected in the upper band but not the lower. The small size difference (<1 kDa) and the fact that both bands were eluted from a Ni-agarosecolumn during the purification, suggesti that some of the His-residues remained on the peptide. It was shown previously, however, that the His-tag does not contribute to, or interfere with, the reductase activities or the cell protection effects of A1M [11, 12, 14] , and we therefore expect that the two bands of each A1M-variant have similar reductase and protection effects in this investigation.
The surface epitopes on the A1M variants were previously analyzed by radioimmunoassay using antibodies against A1M from human urine [26] . The ability of the recombinant A1M-
Field Code Changed
Field Code Changed variants to inhibit the binding of the polyclonal antibodies to human urine A1M was very similar, suggesting that the mutated A1M-variants have a similar three-dimensional conformation as wt-A1M. This could be confirmed by fluorescence spectroscopy and circular dichroism [26] . We therefore conclude that the different effects of the A1M-variants seen in this study are due to amino acid substitutions per se and not a result of folding differences induced by the mutations.
It was recently reported that the irradiation-induced damage of both directly targeted cells and bystander cells was inhibited by A1M. We hypothesized that the four side-chains C34, K92, K118 and K130 are involved in the protection mechanism because they have been shown to have an impact on the reductase activity of A1M [11] and studied this using site-directed mutagenesis. An increase in cell death (LDH leakage), up-regulation of the cell cycle regulatory genes p21 and p53 and up-regulation of the antioxidation genes HO-1, GPX1 and A1M were seen in the irradiated cell cultures, and all these responses were significantly inhibited by wt-A1M, supporting and extending previous findings. In contrast, no inhibition was seen by the C(34)S-A1M mutant and the C(34)S/K(3)T-A1M mutant, suggesting that the C34 side-chain is a major requirement for the protective effects of A1M against irradiationinduced cell death and cell damage. The K(3)T-A1M mutant, on the other hand, significantly inhibited cell death and up-regulation of all five genes, although not to the same extent as wt-A1M. Taken together, the results suggest that the C34 side-chain is of major importance to the protection mechanism of A1M and that the K92, K118 and K130 side-chains seem to have some impact on the protection activity of A1M.
Two possible mechanistic explanations of the protection effects of A1M were studied in this investigation: cellular uptake and reductase activity. It was previously shown that uptake of Field Code Changed Field Code Changed A1M to the cells increases in irradiated cells [17] . Here, it was shown that the cellular uptake of wt-A1M was higher than the other variants of A1M ( Figure 4 ). Significantly less of C(34)S-A1M and C(34)S/K(3)T-A1M were taken up by the cells, while the K(3)T-A1M differed only slightly from the wt-A1M, indicating that the C34 side-chain is involved in the cell-uptake mechanism. Previous studies suggest the presence of a cell-surface receptor [29, 30] as well as intracellular A1M-binding proteins [14, 17] and it can be speculated that the C34 side-chain is involved in the recognition by these receptors either as part of a proteinprotein interaction or as a result of its participation in the redox activities of A1M. Thus, the cell uptake parallels the protective effects and the lower uptake of the C34-thiol group-lacking A1M-variants may therefore partly explain their lack of protection against irradiation damage.
The cell volume in our experimental setup was less than 1% of the volume of the medium (not shown), suggesting that the concentration of wt-A1M, after uptake, was roughly the same, or higher, inside the cells as in the medium, i.e. >2 uM. This relatively high concentration may explain the rather efficient protection of the cells from irradiation damage.
The reductase activity of A1M was studied using two different substrates, the ABTS-radical and oxidized collagen, both of which have previously been shown to be reduced by A1M [12, 15] . Only wt-A1M reduced the ABTS-radical whereas all the mutated forms displayed background activity, at the same level as the non-reducing control protein AGP ( Figure 5 ). A somewhat different result was obtained with oxidized collagen, which was reduced by both wt-and K(3)T-A1M and to a lesser extent by C(34)S-A1M . This suggests that the C34 sidechain is crucial for the reductase activity towards both substrates, and that the lysyl sidechains are important for the reduction of the ABTS-radical and play a minor role in the reduction of oxidized collagen. This is in agreement with previous reports that the C34 residue is of central importance for the reductase activity [11, 12] . The three lysyl residues were shown to influence the reduction of other substrates [11] but have not previously been studied with ABTS-radical or oxidized collagen. It is thus likely that K92, K118 and K130 are involved in the reductase activities of A1M to different extents depending on substrate identity, kinetics and stoichiometry.
Two different roles of the K92, K118 and K130 side-chains have been proposed previously.
First, it was suggested that they may create a positive electrostatic environment around the C34 side-chain (1), since the crystal structure and three-dimensional model of A1M show that they are localized closely together around the opening of the lipocalin pocket [25] . This would lower the pK a of the thiol group, promote de-protonation, and hence favor its oxidation.
Secondly, as described above, these side-chains are modified in urinary and amniotic A1M [31, 32] and they have therefore been proposed to function as acceptors of covalently trapped free radicals, together with several other side-chains of the protein [12] . Thus, both these roles of K92, 118 and 130, i.e. enhancement of the redox activity of C34 and as sites of radical trapping, may explain the partial impact of these residues in the cell protection, and reduction of oxidized collagen and ABTS-radicals.
It was reported that the reaction with the ABTS-radical results in covalent adduction of a half ABTS-molecule to the Y22 and Y132 side-chains of A1M [12] . This indicates the Y22 and Y132 side-chains as acceptors of covalently trapped radicals, by analogy to K92, 118 and 130.
Interestingly, the side-chain of Y132 is only accessible from the inside of the lipocalin pocket approximately two-thirds down towards the bottom [25] . This, and the location of the three lysyl residues higher up in the pocket, suggests that the ABTS-radical can be transiently complex-bound in the lipocalin pocket, and a possible role for the pocket in the radical scavenging mechanism of A1M. 
A unifying model of the protection mechanism of A1M is that the molecule acts as a "radical sink". According to this model, which was proposed in detail previously [12] , each A1Mmolecule can eliminate at least 8-9 radicals by a semi-catalytic covalent trapping mechanism that can be summarized as a series of subsequent reactions: 1) A one-electron reduction of a substrate (for example an ABTS-radical) by the C34 thiolate group, yielding a thiolyl radical;
2) an intramolecular electron-transfer between any of the K92, K118, K130, Y22 or Y132 side chains and the oxidized C34 thiolyl which re-generates the thiol for another reduction reaction and creates an oxidized tyrosyl or lysyl radical; 3) a covalent adduction reaction between the tyrosyl/lysyl radical and a radical substrate (for example an ABTS-radical). The reaction cycle can then be repeated with remaining lysyl/tyrosyl side-chains. This hypothetical reaction scheme thus results in covalent binding of n ABTS-radicals plus reduction of (n+1) ABTS-radicals, where n=5 when the five side-chains K92, K118, K130, Y22 and Y132 are involved in reaction 3. Applied to the ABTS-radical, the total number of eliminated radicals per A1M-molecule was experimentally determined to nine, and the number of reduced radicals was five [12] . Hence, this suggests that n=4 in the reaction with the ABTS-radical, i.e. four ABTS-radicals are covalently bound to lysyl/tyrosyl side-chains. It can be concluded that such a semi-catalytic mechanism gives A1M an approximately 10-fold higher radical-clearing capacity than other physiological molecules carrying a free thiol group, e.g. albumin and glutathione. Likewise, Trolox, a water soluble analog of vitamin E which is considered as a highly efficient low-molecular weight radical scavenging antioxidant, was shown to have a 1:1 stoichiometry of reduction towards ABTS, a 10-fold lower capacity than A1M [12] . In vivo, the stoichiometry of reduction and covalent trapping reactions may differ for various radical substrates since the size, charge and shape determine the availability for covalent adduction to A1M side-chains. Eventually, the side-chains of the Field Code Changed
Field Code Changed A1M-molecule becomes saturated and the protein is cleared from the tissues by the blood and subsequent glomerular filtration in the kidneys.
We have shown in this work that the antioxidative protection of cells and collagen by A1M is totally dependent on the free thiolyl group of the C34 side-chain and regulated by the K92, K118 and K130 residues. Knowledge of the protective mechanism of A1M is important for potential future therapeutic applications in diseases with oxidative stress. 
MATERIALS AND METHODS
Reagents and proteins
Recombinant A1M
Wild-type (Wt) and mutated variants of A1M were expressed in Escherichia coli (E. coli). in an atmosphere of 5 % CO 2 and trypsinated as described [33] . When experiments were carried out the HepG2 cells were at a confluence rate of approximately 80-90 %.
Irradiation procedure
The irradiations were performed using alpha particles (helium ions) from a 241 Am source as described previously [17] , collimating the beam using a Mylar mask. Approximately of 0.02% (1.13 mm 2 of totally 5671 mm 2 ) of the total number of cells in the petri dish were hit by irradiation and 99.98 % of the cells were bystander cells, i.e. not exposed to irradiation.
The measured dose rate from the source through the hole in the mask was 0.067 Gy/s. The cells received an absorbed dose of 1.8 Gy, i.e. the irradiation time was 27 seconds.
LDH analysis
The concentration of LDH in the cell culture media was used to estimate the degree of cytolysis induced by irradiation, and was measured using CytoTox96 ® Non-Radioactive Cytotoxicity Assay Kit from Promega (Madison, WI, U.S.A.). The analysis was performed according to the instructions from the manufacturer.
Radio-immunoassay (RIA)
Radiolabelling of A1M with 125 I was done using the chloramine T method [34] . Proteinbound iodine was separated from free iodide by gel-chromatography on a Sephadex G-25
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Field Code Changed column (PD10, Amersham Biotech). A specific activity of around 0.1 -0.2 MBq/µg protein was obtained. RIA was performed as described [35] . The 125 I activity of the pellets was measured in a Wallac Wizard 1470 gamma counter (Perkin Elmer Life Sciences). To determine uptake of A1M, the cells were washed thoroughly with PBS to exclude any nonbound A1M and lyzed by resuspension in 50mM Tris-HCl pH 8,0; 2mM EDTA; 1% NP40; 1μg/μl pepstatin; 5μg/μl antipain; 10μg/μl leupeptin. The suspension was centrifuged for 10 min at 4°C and 10,000xg, and the supernatant diluted in the assay buffer [35] .
SDS-PAGE
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by Laemmli [36] . The gel was run under reducing conditions by mixing the samples with sample buffer containing 2 % (v/v) mercaptoethanol and then boiling for 1 minute. The gels were stained with Coomassie Brilliant Blue R-250 (BDH Chemicals, Ltd. Poole, UK).
Protein identification by MS peptide mapping and sequencing analysis.
The protein analysis was performed by Alphalyse A/S (Odense, Denmark). Briefly, the protein samples were reduced and carbamidomethylated, and subsequently digested with trypsin. The resulting peptides were concentrated on a ZipTip micropurification column and eluted onto an anchorchip target for analysis on a Burker Autoflex Speed MALDI TOF/TOF instrument. MALDI MS/MS was performed on 15 peptides for partial sequencing. The MS and MS/MS spectra were combined and used for database searching. The data were searched against in-house protein databases downloaded from NBCI, including the NRDB database. according to the method of Buss et al [37] as detailed [15] .
RNA isolation and real-time PCR
Total RNA was isolated from HepG2 cells and cDNA prepared by reverse transcription as described . Real-time PCR was then used to quantify the p21, p53, A1M , heme oxygenase 1 (HO-1), and glutathione peroxidase 1 (GPX1) mRNA. Human glyceraldehyde-3-phosphate dehydrogenase (G3DPH) was used to normalize the amounts of mRNA, and the relative amounts are depicted in the figure as ΔΔCt. Primers were designed as described with the addition of, GPX1 forward primer 5´-CCAGTCGGTGTATGCCTTCT-3´, reverse primer 5´-TGCAGCTCGTTCATCTGG-3´. The expression was analyzed using MaximaTM SYBR Green/Fluorescein qPCR Master Mix (Fermentas). Amplification was performed at 55ºC for 40 cycles in iCycler Thermal Cycler (BioRad, Hercules, CA, U.S.A.) and data analyzed using iCycler iQ Optical System Software.
Reduction of ABTS radical
The reductase activity of A1M was analyzed by reaction with ABTS-radical as previously described [12] . Briefly, a stock solution of ABTS-radical was prepared by oxidation of 7 mM The absorbance was read every 5 s at 735 nm for 1 min.
Thiol and sulfide determination
The thiol quantitation of A1M was determined using Thiol and Sulfide Quantitation assay Kit.
The measurements were performed according to the instructions from the manufacturer. The Carbonyl groups were measured by ELISA as described [15, 37] . 
